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ABSTRACT
There are lines of evidence suggesting that some of the observed microlensing
events in the direction of the Large Magellanic Cloud (LMC) are caused by ordinary
star lenses as opposed to dark Machos in the Galactic halo. Ecient lensing by
ordinary stars generally requires the presence of one or more additional concentrations
of stars along the line of sight to the LMC disk. If such a population behind the LMC
disk exists, then the source stars (for lensing by LMC disk objects) will be drawn
preferentially from the background population and will show systematic dierences
from LMC eld stars. One such dierence is that the (lensed) source stars will be
farther away than the average LMC eld stars, and this should be reflected in their
apparent baseline magnitudes. We focus on red clump stars: these should appear in
the color-magnitude diagram at a few tenths of a magnitude fainter than the eld red
clump. Suggestively, the only near-clump conrmed event, MACHO-LMC-1, is a few
tenths of magnitude fainter than the clump. Monte Carlo tests suggest that only one
additional clump event could rule out the Galactic halo lensing hypothesis at the 95%
condence level, although more events may be needed if some of the observed events
are due to sources in front of the main LMC disk. It will be interesting to apply the
method in a few years with a larger sample of clump events.
Subject headings: Magellanic Clouds | Galaxy: structure
1Alfred P. Sloan Research Fellow
{ 2 {
1. Introduction
One way of hiding most of the baryons in the Universe is to lock them in Machos, baryonic dark
matter in the form of compact objects in galaxy halos. This has motivated current experimental
searches for these objects in the Milky Way halo via gravitational microlensing (Pacznyski 1986),
the temporary brightening of one of out of a million background stars as the unseen Macho
passes close to the line of sight of that star by chance and focuses its light gravitationally. About
20 − 30 microlensing events in our line of sight to the Large Magellanic Cloud (LMC) and two
to the Small Magellanic Cloud have been detected by the MACHO and EROS groups (Alcock
et al. 1997a; Renault et al. 1997; Alcock et al. 1997b; Palanque-Delabrouille 1998; Alcock et al.
1999), including two caustic binary events (MACHO-98-SMC-1 and MACHO-LMC-9), which are
unambiguous cases of microlensing events. Nevertheless, it is a subject of heated debate whether
these microlensing events are indeed due to dark matter in the Galaxy’s halo.
Currently there are two popular views on the issue:
 Galactic Halo Lensing Hypothesis (Machos): The lenses are located in the halo, and are
dark. These lenses could be baryonic dark matter candidates (Alcock et al. 1997a);
 Lensing by Ordinary Stars Hypothesis: The lenses are ordinary stars, not dark matter.
This hypothesis is strongly constrained so that the only presently viable model is that
the LMC sports some extra three-dimensional thick stellar structure displaced from the
two-dimensional thin and cold disk of the LMC. These stars are providing either lenses or
sources of the observed events (Zhao 1998a,b, 1999a).
A number of papers, including a few recent ones (Evans & Kerins 1999, Gra et al. 1999a;
Zhao 1999a) have investigated the shortcomings and plausibility of the two scenarios. Here we
suggest using the source magnitude distribution to dierentiate between the two classes of models.
The existing data are not conclusive; however, there should shortly be enough data to apply the
method discussed here.
Ordinary star lensing models require additional concentrations of stars along the line of sight
to the LMC, in front of its main disk, behind it, or perhaps both (e.g., a partial or complete ring
around the LMC). The added population may either be an extended distribution of stars around
the LMC (e.g., tidal extension) or a distinct stellar system. If additional stars are located behind
the LMC disk, then the sample of source stars that undergo lensing by ordinary stars in the LMC
disk will be strongly biased to be in the background population. On the other hand, if lensing
is due to Galactic halo Machos or a foreground object, the sample of lensed stars should be a
random subsample of the observed stars in the LMC, weighted only by the microlensing eciency
of observing an event in that particular star. The observational consequences of the lensed stars
being behind the LMC disk are that they should have:
 Slightly fainter baseline magnitudes in all bands than unlensed stars due to a larger (by
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 0.3 mag) distance modulus;
 Preferentially fainter apparent magnitudes in the bluer bands than unlensed stars in
neighbouring lines of sight due to reddening by intervening dust in the LMC disk:  0.6 mag
of U -band extinction with factor of two variations on arcminute angular scales (cf. Zhao
1999c); and
 Velocity osets of upto  20 km s−1 relative to unlensed stars because the kinematics of
background stars will, in general, be dierent from those in the LMC disk (Zhao 1999b;
Gra et al. 1999b).
 Small lens-source proper motions ( 30km/s at the LMC/SMC) measurable with caustic
crossing events (Kerins & Evans 1999).
As reviewed by Zhao (1999a), all four eects statistically dierentiate between the LMC self
lensing and Macho hypotheses and do not necessarily apply on a star-by-star basis. A nice feature
of these eects is that they are observable not only in real time for an on-going microlensing event
but also for long-past events; the latter allows flexible telescope scheduling. These eects do not
occur in the Galactic halo lensing models since the stars in the back and front of the LMC have
nearly equal chance of being lensed by a Macho halfway to the LMC. In this paper, we examine
the bias in the apparent baseline magnitudes of microlensed stars (the magnitude observed in the
star either before or after the lensing event). This eect has been rst discussed by Stanek (1995)
for microlensing events in the Galactic bulge.
2. Model of the source and lens distribution
Based on microlensing experiments alone, it is possible to constrain the positions of a putative
additional object along the line of sight to the LMC. Objects bound to the Magellanic clouds have
a typical transverse velocity of 70 kms−1 (the speed of rotation of LMC disk stars) relative to
the systemic velocity. Assuming a typical lens mass of 0.1 − 0.3M from a standard stellar IMF,
and a typical Einstein radius crossing time of 45 days, then the lens-source distance is of order
5− 10 kpc. The detailed models of Zhao (1999b) suggest similar distances. The models of Evans
& Kerins (1999) and the N-body simulation of Weinberg (1999) have a wide range of source-lens
distances with a mean value also in the range 5− 10 kpc.
We assume that stars in the direction of the LMC are distributed in two separate sheets,
the primary LMC disk having a surface mass density D and an extra background population
with surface density B situated 5− 10 kpc behind the primary disk. We dene tot  D + B.
There may also be standard Galactic halo Machos between us and the LMC. The implications of
a possible population in the immediate foreground of the LMC disk will be discussed later.
We dene fB to be the fraction of lensing events in which the lensed (source) stars are behind
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the LMC disk. Thus, fB = 0 is for all halo lensing models in which all the lenses are well in front
of the LMC and all the lensed (source) stars are in the LMC disk. Even in models in which there
are additional stars behind the LMC disk, we expect fB < 0.9 because some of the lensing events
will be due to self lensing within the LMC disk (Wu 1994; Sahu 1994; Gould 1995).
It is presently dicult to decide the best way to model the true distribution of the LMC
stars. While more sophisticated structure of the LMC, such as Weinberg’s thickened disk model,
are certainly plausible, the plane-sheet models adopted here gives the cleanest prediction. Even
though several other parameters are needed to fully describe the distribution of stars along the
LMC line of sight, the fB parameter is the one we shall test in this work. The plane-sheet
geometry is also motivated by the kinematicly distinct population in Carbon stars found by Gra
et al. (1999b) and Kunkel et al. (1997).
3. The luminosity function of unlensed and lensed clumps
In this paper, we investigate small ( 0.3 mag) dierences in apparent baseline magnitude
between lensed stars and eld stars. The only place in the color-magnitude diagram where there
is a feature sharp enough for this dierence to be seen and which contains enough stars to be
important is the red clump, as illustrated schematically in Figure 1. The red clump is a sharp
feature, with width of only 0.14 mag in the I band. It has been used as a standard candle on
several occasions in the past; in particular, Stanek (1995) applied it to microlensing events in the
Galactic bulge.
Our method is applicable to any passband, and we suggest that microlensing groups wishing
to apply it use the clump luminosity function in their particular bands (which are often dierent
from standard bands). We have chosen the I band in order to use the OGLE clump luminosity
function. The I band has the additional advantage that the clump is approximately horizontal in
I (Paczynski & Stanek 1998)|i.e., the mean magnitude of the clump does not depend strongly
on color. Dierential extinction in the I-band is also smaller than in V and R.
We parametrize the observed apparent I-band luminosity function of the clump in the LMC
disk as a narrow Gaussian superposed on a broader Schechter-like luminosity function for red
giants.
nD(I) = C1 exp
[
−(I − IRC)2 /2w2RC
]
+ C2Fα exp (−βF/FRC) , (1)
where I and F are the observed I-band magnitude and flux of a star, IRC and FRC are that of
the red clump, wRC is the width (dispersion) of the observed clump distribution, C1, C2 and α
are constants to be adjusted to t the observed luminosity function. Assuming that the stellar
populations in the LMC disk (D) and background object (B) are the same, the magnitude
distribution of the background objects nB(I) is simply that of the disk stars nD(I) shifted by some
amount  towards the faint side due to distance modulus and any excess extinction, i.e.,
nB(I) = nD(I −). (2)
{ 5 {
The observed luminosity function of LMC stars is a superposition of the disk stars and the
background stars. Given a particular set of B,D, we need to adjust IRC and wRC to match the
observed distribution in, say, the OGLE survey (Udalski et al. 1998). However, if we assume that
most of the surface density is in the LMC disk, then we can make the simplifying assumption
nobs(I) = nD(I) +
B
D
nB(I)  nD(I). (3)
In this limit, we can simply adopt the OGLE parameters for the observed magnitude and dispersion
of the clump IRC = 18.2 and wRC = 0.14mag. Note that these numbers are not corrected for
reddening. To be consistent we will use uncorrected magnitudes throughout the paper.
Figure 2 shows our model of the observed luminosity function. This is a fair approximation
to that observed by the OGLE survey (cf. Fig. 5 of Udalski et al. 1998).
The luminosity function of the lensed stars depends on the fraction of lensed stars in the
LMC disk and the fraction of lensed stars behind the LMC:
nsource(I, fB) = fFnD(I) + fBnB(I). (4)
Here fF  (1 − fB) is the fraction of events due to foreground lenses and LMC thin disk sources,
while fB is the fraction of events due to LMC thin disk lenses and background sources.
If most of the lensing is due to a background object and fB is large, then the luminosity
function of lensed stars will basically be the luminosity function of unlensed stars shifted by
 mag. We shall assume that this shift is purely due to the oset distance between the LMC disk
and its background component, and assume the oset is 7.5 kpc, in accordance with the results
5− 10 kpc argued in the previous section. Then we have
  0.3 mag, (5)
This shift is quite signicant since it is larger than the width of the clump, 0.14 mag. As shown in
Figure 2, the expected lensed star luminosity function for a model with fB = 0.9 is quite distinct
from the unlensed luminosity function.
4. Analysis
4.1. Observed clump events
At the moment, there is only one conrmed event (MACHO-LMC-1) in the clump region
(Alcock et al. 1997a). Although one event cannot by itself be signicant, this event is a few tenths
of a mag fainter than the clump, exactly where we expect it to be if lensing is due to a background
object (Figure 1).
The observed baseline photometric parameters for MACHO-LMC-1, uncorrected for
reddening, are: V −R  0.6 and V  19.6 − 19.9. So MACHO-LMC-1 appears to be fainter than
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the clump by 0.2 − 0.4 mag. Its approximate I-band magnitude is shown in Figure 2, and can be
seen to lie exactly under the peak of the luminosity function of lensed stars in the fB = 0.9 model,
where most of the lensing is due to a background object, but well o the peak in the fB = 0 model.
The probability of nding such an event is approximately 5 times greater in the fB = 0.9
model than in the fB = 0 model. Thus, formally, this single event favors the background lensing
hypothesis at the statistically marginal 80% condence level.
There is one other event alerted to be near the clump, MACHO-97-LMC-4 shown on the
MACHO alert page at http://www.darkstar.astro.washington.edu. This event is somewhat
brighter than the red clump, which might suggest that the source stars are in fact not behind the
LMC. However, as can be seen in Figure 2, the probability of nding an event at this magnitude is
almost the same for the two extreme lensing hypotheses, and this event only weakly favors low fB
models. Under the interpretation of either lensing scenario, this is not a clump star but instead
lies on the red giant branch, and therefore carries no statistical weight.
4.2. Future clump events
One clump event is not sucient to rule out the Galactic halo lensing hypothesis. Monte Carlo
simulations of small numbers (2− 20) of clump events suggest that only a handful, perhaps as few
as one, additional clump event may be needed to exclude the Galactic halo lensing hypothesis with
95% condence. Several more events should be detected shortly, and the analysis of these data
using the method described above should be convincing. Interestingly, there are some unpublished
near clump events, including one from the EROS 2 collaboration below the clump (Lasserre 1999),
and alert MACHO-99-LMC-25 (Bennett, private communication) which seems to be right on the
red clump peak. This alert may be an indication of self-lensing of the LMC disk, or lensing by a
foreground tidal tail, or lensing by a foreground halo MACHO. It seems that more clump events
will be necessary to rule out the halo lensing hypothesis.
The OGLE II experiment may generate a handful of clump events per year. A possible Next
Generation Microlensing Survey (Stubbs 1998) could generate several clump events per year.
With enough clump events, it will prove possible to accurately measure fB. Our Monte Carlo
experiments suggest that with 20 events, we should be able to measure fB to within 0.15 (1
σ) as shown in Figure 3. Note, in case Occam’s razor fails, i.e., in case the dark halo is a mix
of Machos and non-baryonic matter and the microlenses are a mix of Machos and stars (in the
foreground or the LMC), then fB can still set an upper limit on the fraction of Machos in the halo
via the relation:
fMacho  0.5fF = 0.5(1 − fB), (6)
where the factor 0.5 comes from the fact that the observed microlensing optical depth is about
half that of the standard all-Macho halo model.
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5. Conclusion
If the LMC lensing is due to the sources being in a background stellar system, then the
properties of lensed stars should be systematically dierent from those of the bulk of LMC stars.
Although there are several obvious comparisons that can be made (e.g., of the kinematics), the
simplest way of examining the lensed stars is to compare their baseline apparent magnitudes with
those of unlensed LMC eld stars. In particular, the red clump provides a sharp feature that is
ideal for such a comparison.
This technique is powerful because the expected distance dierence modulus we are searching
for (0.3 mag) is wider than the sharp (0.14 mag) red clump. Any signal found using this
(dierential) technique cannot be due to the normal spatially-variable reddening in the LMC disk,
poor photometry, or blending in crowded elds, all of which aect lensed and unlensed stars in the
LMC disk equally.
The technique can also apply to an arc-like distribution wrapping around the LMC disk
(Kunkel et al. 1997), with some stars in the foreground and some in the background or to a shroud
of stellar matter around the LMC (Weinberg 1999, Evans & Kerins 1999). We note, however,
that this technique (and in fact all rst three techniques mentioned in the Introduction) cannot
distinguish between the standard Galactic halo lens model and a model in which there is a small
additional distribution of stars immediately in front of the LMC (but none in the background),
since in both cases the lensed stars will be exactly at the distance of the LMC primary disk.
As few as one additional clump event could potentially rule out the halo lensing hypothesis
at the 95% condence level, although more events will be needed if, as seems indicated by
unpublished microlensing alerts, some of the lensing events are due to a foreground object. Many
more clump events should be available in a few years, and these should yield valuable clues to the
line of sight structure of the Magellanic Cloud system.
We thank the referee, David Bennett for doing a very careful job in scrutinization of the
paper, David Alves for generous assistance in preparing the schematic CMD, and Andy Gould and
Tim de Zeeuw for helpful discussions.
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Fig. 1.| A schematic illustration of the relative position of the microlensing event MACHO-LMC-1
and the red clump in the LMC color-magnitude diagram; courtesy of David Alves. As in Figure 11
of Alcock et al. (1997a) the MACHO red clump \square" region is dened by 0.3 < V − R < 0.9
and 17.5 < V < 20.
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Fig. 2.| Luminosity functions of lensed stars and unlensed stars assuming fB = 0.9. The plotted
distribution of I− IRC, the oset magnitude from the red clump peak, is insensitive to any changes
of the zero point of the red clump and changes of passbands. Also shown are the event MACHO-
LMC-1 and the alert MACHO-LMC-97-4. Note the clear shift between the peaks of the unlensed
and lensed luminosity functions. The event MACHO-LMC-1 lies under the peak of the lensed
luminosity function, while the alert MACHO-LMC-97-4 is an underlying non-clump red giant.
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Fig. 3.| Fraction of events due to lensing of background ground objects, fB. Horizontal axis is
the actual value, while the vertical axis shows the value derived from maximizing the likelihood
computed for each of 1000 Monte Carlo realizations of Nc.e. = 20 clump events in the range
jI − IRCj  1mag according to the luminosity function nsource(I, fB) for each input fB. The most
probable estimate is shown as the heavy solid line, and the dotted and dashed region shows the
67% condence range.
